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ABSTRACT
Aims. This paper is the third in a series implementing a classification system for Gaia observations of unresolved galaxies. The system
makes use of template galaxy spectra in order to determine spectral classes and estimate intrinsic astrophysical parameters. In previous
work we used synthetic galaxy spectra produced by P ´EGASE.2 code to simulate Gaia observations and to test the performance of
Support Vector Machine (SVM) classifiers and parametrizers. Here we produce a semi-empirical library of galaxy spectra by fitting
SDSS spectra with the previously produced synthetic libraries. We present (1) the semi-empirical library of galaxy spectra, (2) a
comparison between the observed and synthetic spectra, and (3) first results of classification and parametrization experiments with
simulated Gaia spectrophotometry of this library.
Methods. We use χ2-fitting to fit SDSS galaxy spectra with the synthetic library in order to construct a semi-empirical library of
galaxy spectra in which (1) the real spectra are extended by the synthetic ones in order to cover the full wavelength range of Gaia, and
(2) astrophysical parameters are assigned to the SDSS spectra by the best fitting synthetic spectrum. The SVM models were trained
with and applied to semi-empirical spectra. Tests were performed for the classification of spectral types and the estimation of the most
significant galaxy parameters (in particular redshift, mass to light ratio and star formation history).
Results. We produce a semi-empirical library of 33 670 galaxy spectra covering the wavelength range 250 to 1050 nm at a sampling
of 1 nm or less. Using the results of the fitting of the SDSS spectra with our synthetic library, we investigate the range of the input
model parameters that produces spectra which are in good agreement with observations. In general the results are very good for the
majority of the synthetic spectra of early type, spiral and irregular galaxies, while they reveal problems in the models used to produce
Quenched Star Forming Galaxies (QSFGs). The results of the SVM classification and regression models for this library are quite
accurate for the prediction of the spectral type and the estimation of the redshift parameter, while they are quite poor for the cases of
the most significant parameters used to produce the synthetic models (i.e. the star formation histories).
Key words. – Galaxies: fundamental parameters – Techniques: photometric – Techniques: spectroscopic
1. Introduction
The ESA satellite Gaia (e.g., Perryman et al. 2001, Turon et al.
2005, Bailer-Jones 2006) will obtain a whole sky survey of all
point sources brighter than 20th magnitude. During its five years
of operation, Gaia will observe each of 109 sources an average
of 70 times, providing astrometry as well as low and high reso-
lution spectroscopy for the wavelength ranges 330–1050 nm and
847–874 nm, respectively. Our primary goal is to use the low
resolution spectrophotometry (3-29 nm/pixel) to classify, and to
determine the main astrophysical parameters for, the several mil-
lion unresolved galaxies which Gaia is expected to observe. We
plan to do this with pattern recognition algorithms, trained on
simulated Gaia observations of template spectra.
The performance of these algorithms depends on the spec-
tral libraries used to train them. In our previous two articles
(Tsalmantza et al. 2007, 2009) we described libraries of syn-
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thetic galaxy spectra we produced with the PEGASE.2 code1
(Fioc & Rocca-Volmerange 1997). The first library (Tsalmantza
et al. 2007) included a small number of typical spectra of seven
Hubble types. The second library (Tsalmantza et al. 2009) was
more complete containing a large sample of spectra of four
types. In tables 1 and 2 we present the models used to produce
these four types and the range of their parameters respectively,
while figure 1 overplots synthetic colors from the second library
on the color-color diagrams of SDSS galaxies.
Even though the synthetic libraries are in good agreement
with observational data, an empirical or semi-empirical library
is necessary for a number of reasons. First, there are inevitably
mismatches between real and synthetic spectra which may de-
grade the accuracy of classifications based on purely synthetic
libraries. Our matching procedure allows us to assign physical
parameters to real spectra. Second, a semi-empirical library al-
lows us to check the reliability and completeness of our libraries.
Third, it can provide an estimate of the additional error that will
1 http://www.iap.fr/pegase
2 P. Tsalmantza et al.: A semi-empirical library of galaxy spectra for Gaia
Fig. 1. The second library of synthetic galaxy spec-
tra(Tsalmantza et al. 2009) , showing models of irregular
(blue), starburst (magenta), spirals (light blue) and early type
galaxies (red). Black dots are SDSS galaxies.
Table 1. Models of the star formation rate (SFR) assumed in the
second library (Tsalmantza et al. 2009).
Galaxy type SFR
Early-type galaxies p2exp(-t/p1)/p1
Spiral galaxies (Mp1gas)/p2
Irregular galaxies (Mp1gas)/p2
Quenched star-forming galaxies (Mp1gas)/p2 for t < t f − p3
0 for t > t f − p3 where
(t f=9 Gyr, the age of the galaxy)
Table 2. Input parameters for the galaxy scenarios in the second
library (Tsalmantza et al. 2009).
parameter range of value
Early-type galaxies
p1 10-30 000 (Myr)
p2 0.2-1.5 (M⊙)
age 13 (Gyr)
Spiral galaxies
p1 0.3-2.4
p2 5-30 000 (Myr/M⊙)
infall timescale 5-16 000 (Myr)
age 13 (Gyr)
Irregular galaxies
p1 0.6-3.9
p2 4000-70 000 (Myr/M⊙)
infall timescale 5000-30 000 (Myr)
age 9 (Gyr)
Quenched star-forming galaxies
p1 0.6-3.9
p2 4000-70 000 (Myr/M⊙)
p3 1-250 (Myr)
infall timescale 5000-30 000 (Myr)
age 9 (Gyr)
be introduced in our classifications and parameter estimates due
to the mismatch between synthetic models used to train the al-
gorithms and the observations to which they are applied.
For the construction of an empirical library we decided to use
spectra from SDSS since it consists of large number of galaxy
spectra over a range of galaxy types. However, its wavelength
coverage is slightly narrower than the Gaia spectrophotometric
one. We therefore extend the ends of the SDSS spectra using the
best fitting synthetic spectra from our second library.
The selection of the SDSS galaxy spectra and the χ2-
fitting used to produce the semi-empirical library is presented
in Section 2. In Section 3, we compare the spectral types and the
stellar masses estimated by other methods with the ones we esti-
mate here. We also analyse the results of the fitting by studying
changes in the parameter space as well as in the spectra and the
color characteristics of our models for different ranges of the re-
duced χ2 values. The section closes with an investigation of the
range of input parameters that produces realistic spectra of early
and late type galaxies. The simulated Gaia spectra for the semi-
empirical library are described in Section 4, while in Section
5 we present the classification and parametrization models and
results of applying them to these data. A brief discussion con-
cludes in Section 6.
2. The semi-empirical library of galaxy spectra
2.1. The selection of the observed spectra of galaxies
The semi-empirical library is derived from the 5th Data Release
(DR5) of SDSS spectra (Adelman-McCarthy et al. 2007). This
data release includes 552,156 galaxies of various luminosities
and at different distances. Many of the galaxies in this sample
are extended objects and therefore may not be observed by Gaia.
Our main concerns were to select galaxies with high quality
spectra and angular sizes comparable with the diameter of the
SDSS fiber. To achieve this, we chose spectra with a signal-to-
noise ratio (SNR) greater than 16. We applied three criteria to
ensure that the spectra correspond to a large area of the galaxy:
(i) Knowing that the fiber of SDSS has a diameter of 3 arcsec,
we demanded the radius (R90) that includes 90 % of the (pet-
rosian) flux of a galaxy in the r band – which corresponds to
almost the whole area of the galaxy – to be less than 4 arcsec. In
this way almost all of the light of a galaxy is observed in the fiber
and included in the spectrum. (ii) The radius R50 is comparable
to the fiber diameter only for galaxies with redshift larger than
0.04 (Strauss et al. 2002). For closer galaxies, small compact ar-
eas inside the galaxies are considered as independent galaxies,
so the SDSS photometry and the radius R90 are not representa-
tive of the whole galaxy. We therefore excluded from our sample
all galaxies with z<0.04. (iii) We keep only galaxies with a dif-
ference between the fiber and model magnitudes in the r band of
less than 1 mag.
One of the main problems with observed spectra is that very
few of the associated astrophysical parameters are known. In
SDSS only a rough classification is provided. This classification
is based on the work of Yip et al. (2004), in which galaxies with
eClass<-0.1 are considered to be early type galaxies while galax-
ies with eClass>-0.1 are late types. Another criterion used in
SDSS for galaxy classification is given by Strateva et al. (2001).
Here, galaxies having a concentration index C smaller than or
larger than 2.6 are expected to be late or early type galaxies re-
spectively. The distributions of both indices (C and eClass) show
that the SDSS observations cover a wide range of galaxy types.
Unfortunately neither of these criteria is particularly accurate, so
they can be used only for a rough classification of our sample. It
can also be seen in figure 2 that these two criteria are also not in
particularly good agreement.
For the final sample we apply additional criteria to exclude
observations with large errors, having selected galaxies small
enough to ensure that the spectrum comes from most of the pro-
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Fig. 2. The concentration index C vs. the index eClass for the
whole sample of the 33 670 SDSS galaxies of our final sample.
jected area of the galaxy. More specifically, we only retained
galaxies which had uncertainties in the fiber and model magni-
tudes in the r band less than 0.01 mag, and had an uncertainty
in the concentration index C less than 0.15. The final sample
contains 33 670 spectra of galaxies covering the whole range of
redshifts and galaxy types present in the SDSS sample.
2.2. The extension of the observed spectra of galaxies
The extension of the observed SDSS spectra to Gaia wavelengths
was made by using the 28 885 synthetic spectra of the second li-
brary produced at a random grid of parameters (Tsalmantza et
al. 2009). In order to find the synthetic spectrum that is in best
agreement with each observed spectrum, we first had to make the
two libraries compatible. The main differences between them are
the effects of foreground reddening, noise and redshift, which are
present in the SDSS spectra but absent in the synthetic ones. The
first two effects could not be removed so will have an impact on
our results. However, in the case of noise we have selected only
spectra with high SNR, so noise effects are minimized. In con-
trast, the redshift was removed by shifting the observed spectra
into their rest frames, keeping the energy constant in each spec-
tral bin.
The next step was to rebin the SDSS spectra, in order to re-
duce their resolution to the one of the P ´EGASE spectra. Finally,
we normalized the fluxes by dividing the whole spectrum by the
mean flux between 5490 and 5510 Å.
Having done all the above we were ready to perform a χ2-
fitting between the two libraries of galaxy spectra. Every one of
the 33 670 observed spectra was compared with the whole sam-
ple of the 28 885 synthetic spectra. The comparison was made by
masking the areas where the strongest emission lines occur (i.e.
3700–3800Å, 4800–5100 Å, and 6500–6800 Å) and the edges of
the spectra. In figure 3 we present the distribution of the reduced
χ2 between each SDSS spectrum and its best fitting (smallest χ2)
synthetic spectrum, for each type in our library separately.
From the distributions of the differences between the two li-
braries we see that the results are very similar for all the four
galaxy types in our library and that in many cases the value of
the reduced χ2 is quite large. To test whether this is due to sys-
tematic errors during the χ2-fitting, we plot the mean reduced
χ2 value for all the spectra of SDSS with the best fitted syn-
thetic spectrum at each wavelength (figure 4). It is clear that the
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Fig. 3. Distribution of the minimum χ2 values extracted by the
fitting of the observed spectra with the synthetic ones, for each
type in our library separately.
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Fig. 4. The mean reduced χ2 value for all the spectra of SDSS
with the best fitted synthetic spectrum for every wavelength. The
red dotted lines represent the wavelengths were emission lines
occur, while the red areas represent the areas of the spectrum
that were masked during the χ2-fitting.
differences are largest at the wavelengths where emission lines
were not excluded, which suggests that the large values of χ2 are
due to absent emission lines in the synthetic spectra. To examine
this we compared the observed spectra with their best fitted syn-
thetic one for a variety of χ2 within the whole range of values of
reduced χ2. We see that even in the cases with larger differences
the fitting of the continuum is very good. This does not seem to
be true for cases with χ2 values greater than 15 where the fitting
mainly near the 4000 Å discontinuity is poor due to problems ei-
ther in the synthetic or the observational spectra. However, as it
is obvious from figure 3, the large majority of our sample was fit-
ted with square differences less than 15 and therefore the agree-
ment between the observed and synthetic spectra is very good.
Note that the amount by which the observed spectra are extended
is small, and these are also regions where the sensitivity of Gaia
is low, so the extension of the observed spectra does not need to
be very accurate.
The good performance of the χ2-fitting allowed us to pro-
ceed with the extension of the observed spectra. The extension
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was done with the original spectra of SDSS, i.e. prior to correc-
tion of redshift, change of the resolution and normalization. We
therefore had to apply the observed redshift to the correspond-
ing synthetic spectrum, and normalize its flux to the observed
one. To extend the spectra we linearly interpolated the fluxes of
the synthetic spectra between 3000 and 11000 Å with a step of
10 Å (as required by the Gaia simulator) at the synthetic edges
(λ < 3792 Å and λ > 9236 Å) and a step that was equal to the
step in the real spectra at the middle. Between those two areas
we added two points so that the pass from the parts with low to
the ones with high resolution was smoother.
3. Comparison of the synthetic library with the
observations
In this section we make use of the results of the χ2-fitting be-
tween the SDSS spectra and our synthetic library in order to i)
check how well the synthetic spectra can reproduce the proper-
ties of the observed spectra ii) identify areas in the input pa-
rameter space of our models that produce unrealistic spectra
and iii) identify synthetic spectra with incorrect classifications
in our library (e.g. spectra produced with our models for early
type galaxies but which more resemble spectra of later types).
To do that we i) compare the classification (spectral type) and
parametrization (stellar masses) results extracted using our syn-
thetic library with the ones obtained by previous studies, ii) test
how the extracted spectral types, the input parameter values of
our models, the synthetic spectra and their synthesized colors
change with the accepted χ2 value and iii) check which models
manage to reproduce best the spectral properties of early and late
type SDSS galaxies separately.
3.1. Classification and parametrization results
3.1.1. Stellar masses
One of the most important and robust parameters that can be
extracted from galaxy spectra is the stellar mass. By fitting the
SDSS spectra with our synthetic models we were able to esti-
mate their stellar masses and compare our results with the ones
derived by the VESPA algorithm (Tojeiro et al. 2009). In order to
do this we first converted the SDSS fluxes to luminosities, using
the cosmological model of Spergel et al. (2003) (as in the case of
the work by Tojeiro et al. 2009) to convert from redshift to dis-
tance, d. Using those distances we estimated the stellar masses
for the SDSS galaxies according to the formula
M∗, f iber = Mpegase ∗ 4πd2FS DS S /Lpegase
where Mpegase is the mass calculated by P ´EGASE models for
the best fit synthetic spectrum, and FS DS S and Lpegase are the flux
and the monochromatic luminosity at 5500 Å for the SDSS and
the synthetic spectrum respectively. The estimated masses were
also corrected for aperture effects:
M∗ = M∗, f iber ∗ 10−0.4(zpetrozian−z f iber)
where we make the assumption that the galaxy has a spatially
uniform mass and light distribution. The final values for the stel-
lar masses were compared with the ones estimated by VESPA
using models from Maraston et al. (2005) and a two parame-
ter dust model. The observed spectra used were the main galaxy
sample from the SDSS DR7. A comparison between the stellar
masses estimated with the two methods for the same set of spec-
tra is given in figure 5. The red line indicates the line of perfect
agreement and it is offset by 0.26 dex due to the difference in the
VESPA results between the DR5 and DR7 data. This difference
is caused by the spectroscopic calibration scale of approximately
0.35 mag that was introduced in DR6 (Adelman-McCarthy et al.
2008). In this figure we see that the results of the two methods
are in good agreement for small masses, while as galaxies be-
come more massive our method tends to estimate lower masses
than the VESPA study.
Fig. 5. The logarithm of the stellar masses derived from the fit-
ting of the SDSS spectra by the synthetic library vs. the stel-
lar masses derived by VESPA. The red line indicates the line
of agreement and it is offset by 0.26 dex due to differences in
the spectorscopic calibration between the different SDSS Data
Releases used by the two methods.
3.1.2. Galaxy types in the semi-empirical library
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Fig. 6. Comparison of the classification of SDSS early and late
type galaxies (left and right histograms respectively) based on
the Yip et al. (2004) and the Strateva et al. (2001) criteria (eClass
and index C respectively) and the classification based on the syn-
thetic spectra. For early type galaxies C>2.6 & eclass<-0.1 and
for late type galaxies C<2.6 & eclass>-0.1.
Figure 6 compares the results of the SDSS classification
based on the C=R90/R50 and eClass indices with the ones ob-
tained by our χ2-fitting against the second library of synthetic
spectra. Our results are quite consistent with these previously
published works, with over 90% agreement for objects previ-
ously classified as early types. Note that the few galaxies clas-
sified as spirals are not in disagreement, since in the previous
works Sa galaxies were considered as early types while in our
library they are spirals.
The results are poorer in the case of late type galaxies, where
2237 of them (22% of our sample) have been classified by our
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method as early types. A comparison between the star forma-
tion history (SFH) of these models with the rest of the models
corresponding to early-type galaxies in our library, showed that
they are more prolonged and much less efficient at ages less than
6 Gyr. For that reason the spectra of those galaxies still include a
significant amount of young stars that produces a spectrum with
characteristics of later type galaxies.
These results show that in general our synthetic spectra de-
scribe quite well the different types of galaxies that exist. On the
other hand, as we have already shown in figure 2, the two criteria
used for the classification by SDSS are not very strict.
3.2. Investigation of the parameter space of the synthetic
spectra
In the previous sections we showed that the synthetic spectra
that best fitted the SDSS ones (i.e. the ones corresponding to the
minimum χ2 values), provide results that are in good agreement
with observations and previous studies (figures 3-6). Here we
check how these results and the properties of our models change
when we also include in the analysis synthetic spectra which
correspond to larger χ2 values. This will allow us to understand
which models provide acceptable -even though not optimal- fits,
and which are inconsistent with observations. To do so we study
the changes in the extracted spectral types, the range of the input
model parameters and the characteristics of the synthetic spectra
and their colors when we expand the accepted range of χ2 val-
ues. For this purpose we increase the accepted χ2 value by small
arbitary steps (0.2%, 0.5%, 1.0% and 5.0% of the minimum one,
χ2
min). As we will show in the analysis that follows, by increasing
the χ2 threshold by 5% we already observe significant changes
in the results.
3.2.1. The extracted spectral type for different limits of χ2
value
The comparison between the spectral types presented in figure
6 takes into account only the best single fitted synthetic model
to the SDSS galaxy spectra. We can check how our classifica-
tion results vary if we accept a wider range of χ2 values. In fig-
ure 7 we show, for each observed galaxy, all synthetic galax-
ies with values of reduced χ2 smaller than 1.002χ2min, 1.005χ2min,
1.010χ2min and 1.050χ2min. The numbers on the axes correspond
to different spectral types of galaxies: values in the ranges 1–
2816, 2817–13385, 13386–14885 and 14886–28885 correspond
to early type, spiral, irregular and quenched star forming galax-
ies (QSFGs) respectively (hereafter we will refer to this number
as ID). The limits between those areas are indicated with the
black lines in the plots. To each ID corresponds one spectrum of
our synthetic library. For each SDSS galaxy spectrum we have
plotted the minimum and maximum value of ID for the best fit-
ted synthetic spectra in the accepted range of reduced χ2. If we
accept only the best single fitted synthetic spectra then all of the
points would lie on the diagonal (since then the minimum and
the maximum value of the ID is the same). If we expand our
criteria to more χ2 values then in some cases the observed spec-
trum is fitted by more than one synthetic spectrum. In the case
that a galaxy is classified as the same type by all the accepted
synthetic spectra then the points lie in the diagonal squares. As
a result the more galaxies classified as different galaxy types in
the accepted range of reduced χ2 values the more points occur
in the non diagonal squares.
Fig. 7. Variation of the galaxy type based on the classification re-
sults for different range of χ2 values. With blue and red colors we
represent the late and early type galaxies respectively, according
to the classification based on the eClass index.
In figure 7 we see that for values of χ2 smaller than
1.002χ2min, most of the observed spectra were fitted by more than
one synthetic spectrum. Yet in most of these cases the galaxy
type remains the same, with the rest generally classified as the
neighboring type (e.g. early type and spiral). As the range of ac-
cepted χ2 values becomes broader, more SDSS spectra are clas-
sified into more than one galaxy type. Up to values of 1.010χ2min
this still varies between neighboring galaxy types. By accepting
spectra with χ2 values up to 1.050χ2
min, very few SDSS spec-
tra are fitted by only one synthetic spectrum and the galaxy type
now varies a lot. Another interesting point that comes from these
plots is that galaxies that have been classified as early type at
least once, in these ranges of χ2 values, are rarely classified as
irregular or quenched star forming galaxies or the opposite. This
implies that the synthetic spectra of early type galaxies are very
different from the ones of irregulars and QSFGs in our library,
while spirals seem to be the intermediate case.
3.2.2. The P ´EGASE parameter space for different limits of χ2
value
As in the case of the extracted spectral type, we investigated the
changes in the P ´EGASE input parameter space (tables 1 and 2)
with the change of the accepted values of reduced χ2. This in-
vestigation helps us to understand the range of values of model
parameters that produce realistic synthetic spectra. In figures 8–
10 we present, for each type of synthetic spectra separately, the
parameter values of all the synthetic spectra and of the synthetic
spectra that produced the minimum values of χ2 when used to
fit the observations. For the analysis that follows we have also
used all the ranges of χ2 values mentioned in the introduction of
section 3.2 (i.e. <1.002χ2min, 1.005χ2min, 1.010χ2min and 1.050χ2min)
even though the corresponding plots are not presented here.
By comparing the plots in figures 8–10 we see that although
approximately half of the early type galaxies (49.9%) seem to
be the best fit for at least one SDSS galaxy spectrum, when we
move to later types this percentage decreases (14.6%, 13.0% and
2.9% for S, Im and QSFG respectively). Especially in the case of
the QSF galaxies, the number of galaxies that are a good fit for
SDSS spectra remains very low (4.1%) even in the case that the
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accepted value of χ2 is 0.5% larger than the minimum one. This
result implies that the synthetic spectra of early, spiral and irreg-
ular galaxies are more realistic than those of the QSFGs and is in
agreement with the results of our previous study (Tsalmantza et
al. 2009) where the synthetic spectra of our library were used to
fit the spectra of the Kennicutt atlas (Kennicutt 1992). This fit-
ting revealed that the emission lines of the QSFGs are very weak
compared to that of other galaxies with similar colors, e.g. star-
burst galaxies. In this work we see that in addition to the emis-
sion lines, the continuum is also not very realistic even though
the colors seem to match very well the ones observed by SDSS
for blue galaxies (Fig. 1).
From the same analysis we see that for early type and spiral
galaxies a small change in the χ2 limit by 0.2% increases the
number of galaxies by 21.5% and 16.1% with respect to the total
number of spectra for each type (the increase for irregular and
QSF galaxies is 10.9% and just 0.5% respectively). This implies
that a smaller number of spectra may be needed to cover the
variance of the observations for these types of objects.
Concerning early type and spiral galaxies we see that the best
fit spectra seem to follow the distribution of our original sample
in the space of the p1 and p2 parameters (figure 8 and tables 1
and 2). This does not seem to be the case for the irregular and
QSF galaxies which seem to be the best fit for SDSS spectra
when the values of both p1 and p2 are very small. For less strict
acceptance criteria in the reduced χ2 value we see that galaxies
with larger values in both p1 and p2 parameters are accepted
but with the p2 having greater values only for small values of
p1. This indicates that galaxies of these types with low SFR are
more realistic than the others.
We also investigated the changes in the infall timescale and
p3 parameters for spiral, irregular and QSF galaxies (tables 1 and
2), with the changes in the χ2 limit. In figure 10 we see that in all
cases the distribution of the best fit galaxies in these parameters
follows that of the original sample.
3.2.3. The P ´EGASE synthetic spectra for different limits of χ2
value
For the same ranges of χ2 as in the previous section we have
plotted the mean of the spectra of each galaxy type that were in-
cluded (figure 11) or excluded (figure 12) based on the limit of
the χ2 value that we apply in each case. Once again the galaxy
type corresponds to the synthetic and not the SDSS spectra.
In the mean spectra presented here the emission lines are ex-
cluded, since they were not taken into account during the fit.
Additionally, all spectra are normalized using the mean lumi-
nosity in the wavelength range from 5490 Å to 5510 Å.
For the case of early type galaxies we see that the mean of
the accepted spectra changes little for each range of accepted χ2
values and it is almost the same as the mean spectrum of all the
early type spectra in our sample. This is logical since most of
the early types are included even when the minimum χ2 values
are set as a threshold. The results for the cases of early types
that were excluded based on the χ2 values are similar. There, we
observe that only those few galaxies that are excluded when the
least strict criterion for χ2 is applied show some differences in
the red part of the spectrum with respect to the mean spectrum
of early types in our library. This implies that the differences
between the individual early type spectra are not so strong and
that galaxies with less flux in the red wavelength range (i.e. bluer
colors) do not fit the observed spectra as well. This is an expected
Fig. 8. The input parameters p1 and p2 of P ´EGASE for all galax-
ies of each type in our library (right) and for the ones correspond-
ing to the minimum χ2 values (left). Rows correspond to early
type, spiral, irregular and QSF galaxies.
result since the synthetic spiral galaxies are more appropriate
models of bluer galaxies.
The opposite situation is observed in the plots of the irregular
and QSF galaxies. Based on figures 11 and 12 we see that the
mean of the rejected spectra for each χ2 level is not changing and
is almost the same as the mean spectrum of the whole sample of
these types. This implies that the majority of these galaxies are
not a good fit for observed spectra, which is in agreement with
the results shown in figures 8–10. In figure 11 we see that the
variations of the accepted spectra are quite large. The best fit
spectra seem to be the ones with less flux in the blue part of the
spectrum and more flux in the red (i.e. the spectra with redder
colors). For QSFGs in particular the accepted galaxies seem to
closely resemble the spiral galaxies, while the irregulars seem to
have characteristics of later types. For these reasons, once again
we reach the conclusion that the model used for the production
of the QSFGs is not very realistic and should be replaced by
other models of starburst galaxies.
The results for the synthetic spectra of spiral galaxies seem
to be of an intermediate case. From figures 11 and 12 we see
that both the mean spectrum of the accepted and rejected spec-
tra show small variations compared to the mean spectrum of the
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Fig. 9. The input parameters p1 and infall timescale of P ´EGASE
for all the spiral (top row) and irregular (bottom row) galaxies
of our library (right) and for the ones corresponding to the min-
imum χ2 values (left).
Fig. 10. The input parameters p3 and infall timescale of
P ´EGASE for all the QSF galaxies of our library (right) and for
the ones corresponding to the minimum χ2 values (left).
whole sample of spiral galaxies. When we apply stricter criteria
for the χ2 value, the mean of the accepted spectra is fainter in
the blue and more luminous in the red. However, when we in-
crease the value of the χ2 limit, the mean of the accepted spectra
becomes more luminous in the blue part and fainter in the red
part compared to the overall mean spectrum. This implies that
for galaxies with bluer colors other types of galaxies, especially
irregulars, might be more suitable. When we examine the results
for the rejected spectra for each χ2 value we see that the varia-
tions in the mean spectrum each time are less significant and they
occur mainly at the red end of the spectrum, where the spectra
that have been excluded are fainter.
3.2.4. The synthesized color-color diagram for different limits
of χ2 value
Following the same procedure as in the previous sections we
have selected different limits for the accepted values of the re-
duced χ2 and we have produced the SDSS color-color diagram
of those synthetic spectra that were accepted by this criterion.
The results are shown in figure 13 and are consistent with the
conclusions of the previous section.
Comparing the top left and bottom right plot of figure 13, we
see that the synthetic spectra that best fit the observed ones cover
almost the whole range of synthesized colors of early type and
irregular galaxies, while some of the blue and red spiral galaxies
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Fig. 11. The mean spectrum of the synthetic spectra of galaxies
that were accepted in each case based on their χ2 values from
the fitting to SDSS spectra. With black, red, green and blue we
represent the cases with χ2 limit less than 0%, 0.2%, 0.5% and
1% greater than the minimum χ2 value respectively. With light
blue the mean spectrum of all the galaxies of each type in the
library is presented.
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Fig. 12. The same as figure 11 but for the synthetic spectra that
were excluded based on the χ2 criterion. The black dotted line
represents the average accepted spectrum corresponding to the
minimum χ2 value.
have been excluded as well as almost all the blue part of QSFGs
for r-i<0.2 mag. As the range of χ2 becomes broader, more and
more galaxies are included in the color-color diagram. However,
the results become significantly different for values of χ2 equal
to 1.010χ2min while for values of χ2 equal to 1.050χ2min, 75.23%(i.e. 21,731) of the total synthetic spectra meet the accepted cri-
terion.
3.3. The P ´EGASE parameter space for the fitting of early
and late types of SDSS spectra
In this section we examine separately the fitting of the early and
late type galaxy spectra in SDSS in order to identify wrongly
classified or unrealistic synthetic spectra in our library. We select
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Fig. 13. The synthesized color-color diagram for the synthetic
spectra of galaxies which were accepted in each case based on
their χ2 values from the fitting to SDSS spectra. We show the
cases with χ2 limit less than 0%, 0.2%, 0.5% and 1% and 5%
greater than the minimum χ2 value respectively. The bottom
right plot presents the color-color diagram for all the spectra in
the second library. The notation of the colors is the same as in
figure 1
observed galaxies that are classified into one of these two types
according to criteria based on the C and eClass indices and study
the χ2-fitting results for these two groups. For all the observed
galaxies in each of these types we estimated the minimum and
mean values of χ2 for each synthetic spectrum in our library.
Figures 14 and 15 show the results for the early and late type
galaxies in SDSS respectively.
When fitting SDSS early type galaxies, we see in figure 14
that χ2 increases when moving from early to late type synthetic
spectra, as we would expect. The same trend though is observed
for the case of the late type SDSS galaxies (figure 15). However,
when studying the results for the minimum instead of the mean
χ2 values we see that in general all types of galaxies in our li-
brary seem to fit the late type SDSS spectra quite well, since all
the minimum values are less than 5. This difference between the
mean and the minimum χ2 values when fitting late type SDSS
galaxies implies that many of the QSFGs and some irregulars
and spirals in our library are not realistic.
For early type synthetic spectra the minimum χ2 value when
fitting SDSS early type galaxies occurs for a small p1 and a large
p2 value. This result is expected since a smaller value of p1 cor-
responds to a steeper decay in the SFR, while the larger the p2
and the smaller the p1, the larger is the SFR. This leads to spec-
tra of earlier types with redder colors. From the top left plot of
figure 14 we see that the quality of the fitting depends mainly on
p1 and becomes poorer as the value of this parameter increases.
The fit is quite poor especially for values greater than 5000 Myr.
The dependence of χ2 on the parameters is not so straight-
forward for the case of the other types of synthetic galaxies, be-
cause the scenarios used to produce them are more complicated
and include more free input parameters (table 1). This explains
why points with almost the same values of p1 and p2 result in
very different values of χ2. General trends can nonetheless be
identified in figure 14. The fitting of SDSS early type galaxies
with synthetic spiral galaxies depends more on the p2 parame-
ter, and the fits are better for small values. When p2 is small the
fitting seems to be better for galaxies with larger p1 while when
p2 is large we observe the opposite. The infall timescale has the
same behavior as p2 when plotted against p1. For the case of ir-
regulars and QSFGs the fitting is better when both p1 and p2 are
small and gets worse as they increase in combination. We ob-
serve the same behavior for the infall timescale. Finally, for the
case of the p3 parameter used in the QSFG scenario we see that
the results are better for larger values, as was expected.
When fitting SDSS spectra of late type galaxies with syn-
thetic spectra of early type galaxies we see that the ones result-
ing in the best fit when fitting early type SDSS galaxies perform
now the worst, as expected. However, the global minimum val-
ues were smaller than in the case of the SDSS early type galax-
ies. This shows that the galaxy spectra corresponding to worse
matches in the previous case are indeed of later type than ellip-
ticals. The general behavior of the early types is the opposite to
before (i.e. the χ2 increases as the p1 decreases), as expected.
In the case of spiral galaxies, even though the range of the
mean χ2 is wider than in the case of the synthetic early type
galaxies, the majority of them seem to be a better fit for the late
type SDSS galaxies than any of the other types in our library.
This is also consistent with the minimum values of χ2 which are
very small for all spiral galaxies and they span a narrower range
than the synthetic early types. The best results seem to occur for
small values of p1 and intermediate values of both p2 and infall
timescale. In the case of irregulars and QSFGs, the minimum
values are the same as in the case of fitting early type SDSS
galaxies, except the p3 parameter for which the minimum now
occurs for smaller values than before as expected. From these
figures we see that the quality of the fitting for these two types of
galaxies follows the same behavior as in the case of fitting early
type galaxies, but with much smaller values of χ2. This implies
that the combinations of parameters that are providing poorer
fits in both cases are the least realistic and probably should be
excluded from our library.
In figure 16 we present the SFH for the synthetic spectra of
each type that produced the best fit (i.e. have the minimum mean
χ2 value) when fitting early and late type SDSS spectra respec-
tively. From this plot we see that the SFHs are more prolonged in
the case of fitting late type SDSS galaxy spectra, while they are
much weaker at the present time when fitting early type observed
spectra.
4. Simulated Gaia spectra
The Gaia spectrophotometer is a slitless prism spectrograph
comprising blue and red channels (called BP and RP) that op-
erate over the wavelength ranges 330–680 nm and 640-1050 nm
respectively. Each of BP and RP is simulated with 48 pix-
els, whereby the dispersion varies from 3–29 nm/pix and 6–
15 nm/pix respectively. The 33 670 spectra of galaxies in the
semi-empirical library were simulated during cycle 4 of the Gaia
simulations. No artificial reddening was applied to these spec-
tra. The simulated spectra are given for three values of G-band
magnitude (G=15, G=18, and G=20). Randomly sampled noise,
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Fig. 16. The SFH of the synthetic spectra with the minimum
mean χ2 value when fitting early (left) and late type (right) SDSS
galaxy spectra. Red, green, blue and black lines correspond to
early type, spiral, irregular and QSF synthetic spectra respec-
tively.
including the source Poisson noise, background Poisson noise,
and CCD readout noise, was added to all spectra. In the sec-
tions that follow, we present the results of the classification and
parametrization of these simulated spectra.
5. Classification & parametrization
As in our previous work (Tsalmantza et al. 2007, 2009), we use
Support Vector Machine classifiers (SVMs) (C-classification) to
determine the spectral types and regression SVMs (ǫ-regression)
to estimate their astrophysical parameters (APs). As mentioned
earlier, both the type of the galaxy and the values of the param-
eters (except redshift) were assigned to the SDSS spectra by its
best fitting synthetic spectrum. The set of spectra is standardized
to have zero mean and unit variance in each pixel prior to train-
ing the algorithms. Additionally, only pixels corresponding to a
mean SNR > 3 over all the simulated spectra were selected and
their values were multiplied with the appropriate exposure time
of 4.14 s.
In all the results presented here the SVMs are trained with
and applied to spectra of the semi-empirical library. In the future
we also plan to perform tests with SVM models trained with
synthetic spectra and applied to semi-empirical ones, in order to
assess the additional errors in our classification scheme due to
small differences in the libraries.
5.1. Estimation of the spectral type
In order to estimate the spectral types, SVMs were trained using
a randomly selected sample of 1/6 of the data, while the remain-
ing 5/6 were used to test their performance. The results for the
testing sample are given in Tables 3, 4 and 5. The total fraction
of correct predictions is higher at brighter magnitudes, as ex-
pected. It varies from 80 % (G = 20) to 92.2 % (G = 15). This
is also the case for each spectral type separately, although early
types and irregular galaxies are classified more successfully than
spirals and QSFGs ones. No correlation was found between the
classification accuracy and the redshift.
5.2. Estimation of the redshift
We used the same training and test sets in SVMs to estimate
the redshift. The tests were performed for G = 15, 18 and 20.
The results at G=18 are shown in Figures 17 and 18, where
we compare a linear fit to the data with the perfect correla-
tion. Table 6 lists the values of the mean absolute fractional
error 1N
∑
i
|(zreal)i−(zpredicted)i |
1+(zreal)i of the redshift prediction for each G-
Table 3. Confusion matrix showing the classes assigned (rows)
to the spectra of each true type (columns) as a percentage of the
total number in each true class. The labels E, S, Im, and QSFG
indicate early-type, spiral, irregular, and quenched star-forming
galaxies, respectively, while TOTAL refers to the average of the
true positives over all types.
Type E S Im QSFG
E 94.1 5.7 0.1 0.1
S 6.3 90.0 3.5 0.1
Im 0.1 7.1 92.8 0.0
QSFG 2.4 9.3 2.6 85.6 TOTAL
92.2
Table 4. As Table 3 but for G = 18.
Type E S Im QSFG
E 91.9 7.6 0.2 0.4
S 12.1 83.0 3.9 1.0
Im 0.1 7.9 91.3 0.7
QSFG 4.4 13.2 5.0 77.4 TOTAL
88.1
Table 5. As Table 3 but for G = 20.
Type E S Im QSFG
E 87.4 10.8 0.1 1.7
S 24.4 69.6 4.6 1.4
Im 0.4 10.4 88.4 0.8
QSFG 10.6 26.5 5.2 57.7 TOTAL
80.0
magnitude, where N is the number of the testing galaxies in each
case and 1 ≤ i ≤ N.
Fig. 17. Predicted vs. true (SDSS) redshift for Gaia simulations
of the semi-empirical library spectra at G=18. The blue line is a
linear fit to the data; the red line is the perfect correlation.
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Fig. 18. As Figure 17, but for all four classes together. Blue
and red colors correspond to correctly and erroneously classi-
fied galaxies based on SVM results; the black line is the perfect
correlation.
Table 6. The mean absolute fractional error of the redshift pre-
diction for each G-magnitude.
G = 15 G = 18 G = 20
All galaxies 2.7e-03 4.2e-03 7.7e-03
All successfully classified galaxies 2.6e-03 4.0e-03 7.3e-03
All erroneously classified galaxies 3.9e-03 6.0e-03 9.5e-03
Early type 2.4e-03 3.7e-03 7.0e-03
Spiral 2.4e-03 4.2e-03 7.8e-03
Irregular 4.6e-03 6.2e-03 9.5e-03
QSFG 5.1e-03 7.1e-03 1.2e-02
Table 6 shows that the errors in the redshift prediction in the
whole sample are lower for brighter G-magnitude, as expected,
varying from from 0.0027 at G = 15 to 0.0117 at G = 20.
Figures 17 and 18 and Table 6 also show that the predic-
tion of the redshift is better for galaxies that have been classi-
fied correctly to the spectral type than the erroneously classified
ones. The errors seem to also be larger for irregulars and QSFGs
than spirals and early type galaxies. Recall that reddening of the
semi-empirical spectra is unknown. The classification scheme
for unresolved galaxies in Gaia is designed to predict the extinc-
tion before the redshift, thus minimizing the errors of the latter,
so the mean absolute fractional errors presented here (Table 6)
should be considered as upper limits.
5.3. Estimation of input parameters of P ´EGASE
As in the case of the synthetic library of galaxy spectra
(Tsalmantza et al. 2009), the estimation of the input parameters
of P ´EGASE models (tables 1 and 2), was performed separately
for each galaxy type, since different models are used to produce
different types of galaxies. For the spiral and early type galaxies,
1/6 of the data was selected randomly as the training set and the
remaining 5/6 was used as testing data. For the Irregulars and
the QSFGs we used half of them for training and half of them
for testing due to their small numbers.
The results of the parametrization are presented in figure 19
and table 7, where the second column lists the number of Support
Vectors (SVs) used by each SVM model and columns 3 and 4 list
the mean and the standard deviation of the absolute fractional
error respectively. The errors for each parameter are calculated
in the same way as in the case of the redshift estimation.
Table 7. Performance of the SVM models trained to estimate the
input APs of the Gaia-simulated semi empirical library spectra
at G=15 mag.
AP SVMs mean(frac. error) stdev(frac. error)
Ep1 1650 2.73 23.27
Ep2 1805 0.04 0.06
I infall 1055 0.24 0.28
Ip1 971 0.09 0.08
Ip2 797 0.33 0.56
Q infall 652 0.25 0.28
Qp1 662 0.08 0.09
Qp2 465 0.17 0.41
Qp3 677 2.13 7.99
S infall 1152 18.67 54.49
Sp1 1580 0.15 0.12
Sp2 1234 16.87 50.11
From table 7 and figure 19 we see that the results are quite
good only for the case of early type galaxies and especially for
the p1 parameter. In comparison with the results derived for the
synthetic library of galaxy spectra (2009) we see that the per-
formance is worse for all the parameters. A possible explanation
is that a large fraction of the spectra used to produce the semi-
empirical library were removed, leading to a much more sparse
grid of parameters and to SVM models that are not well trained
(e.g. parameters for the models of irregular and QSF galaxies).
5.4. Estimation of output parameters of P ´EGASE
Using the same training and test sample of spectra as in section
5.3, we applied the SVMs to estimate the output parameters of
P ´EGASE for each spectrum. The results are presented in table 8
and figure 20.
Table 8. Performance of the SVM models trained to estimate the
output APs of the Gaia-simulated semi empirical library spectra.
AP SVMs mean(frac. error)) stdev(frac. error)
Ms 3116 3.24e-02 4.16e-02
M/L 3138 2.66e-35 2.80e-35
Mgas 3637 4.84e-02 5.15e-02
Mim 4012 4.31e-03 4.29e-03
Msm 3537 1.47e-03 1.69e-03
SFR 2731 3.69e-06 6.04e-06
SNII 2657 2.75e-08 3.77e-08
SNIa 4093 6.48e-09 7.33e-09
Al 3536 1.63e-01 3.46e-01
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Fig. 19. Estimation performance of input APs of the P ´EGASE
models. For each of the APs we plot the predicted vs. true AP
values for the test set. The blue line indicates the line of perfect
estimation, while the red line represents the best linear fitting for
the points. The summary errors are given in Table 7.
Once again the results, even though better than the ones for
the input parameters, are worse than in the case of the synthetic
library of galaxy spectra. Mass to light ratio can again be es-
timated with the highest precision, while most of the other pa-
rameters are estimated with quite large errors. The degradation
of the results by the change from the synthetic library to the
semi-empirical one implies that our parametrization system is
sensitive to changes in the data and that we should be very care-
ful when dealing with the real Gaia observations in the future.
However, we should point out that during the fitting of the SDSS
spectra we did not take into account the emission lines. This
may explain the poor performance of the SVM in the prediction
of those parameters which are strongly corelated with emission
lines (e.g. SNIa and SNII rates in the galaxy models).
6. Summary and Conclusions
We have produced a semi-empirical library of 33 670 galaxy
spectra by fitting a sample of high SNR SDSS spectra with a syn-
thetic library in order to extend the observed spectra to the Gaia
wavelengths and to assign them astrophysical parameters. The
χ2 values of the fitting of each observed spectrum with all the
spectra in our synthetic library were used to check the suitabil-
ity of the synthetic spectra and their ability to cover the variance
of the observations. The comparison between the spectral types
and stellar masses, assigned to each observed spectrum through
this process, with the ones estimated by previous studies, shows
that they are in good agreement. The fitting was also used to
Fig. 20. Estimation performance of output APs of the P ´EGASE
models. For each of the APs we plot the predicted vs. true AP
values for the test set. The blue line indicates the line of perfect
estimation, while the red line represents the best linear fitting for
the points. The summary errors are given in Table 8.
identify problematic spectra of two kinds: i) unrealistic synthetic
spectra (i.e. spectra which fit poorly to the SDSS observations)
and ii) synthetic spectra that even though provide good fits to
the SDSS spectra, yield different spectral types than those orig-
inally assigned by our models (e.g. synthetic spectra produced
by our models for early type galaxies but were a good match for
late type SDSS galaxies). More specifically, by checking which
synthetic spectra best fitted the SDSS data, we see that a large
fraction of the irregular, spiral and early type galaxies seem to
produce good fits, while the results are very poor when the ob-
served spectra are fitted with the QSFG models. This result is in
agreement with the results of our previous study (Tsalmantza et
al. 2009). Furthermore, by investigating which synthetic spectra
best fitted the early and late type SDSS spectra separately, we
constrained the values of the input model parameters which pro-
duced realistic spectra of these galaxy types. Finally, by permit-
ting matches with χ2 values up to 1% larger than the minimum
ones, we observed that the galaxy types assigned to the observed
spectra, the range of the input model parameters, the synthetic
spectra and their colors do not change significantly and they are
in agreement with observations and previous studies. But for
larger χ2 values we begin to get unrealistic results. The com-
bination of all these results will be very useful in the direction of
optimizing the synthetic library of galaxy spectra (Karampelas
et al. 2010, 2011)
The semi-empirical library presented here was used to train
SVM models in order to predict the spectral type and the red-
shift of the simulated semi-empirical galaxies. The results are
quite good. We did not find any correlation between the spectral
type prediction accuracy and the redshift, although we did find
a relation between the former and the redshift prediction accu-
racy. More specifically, in all cases the errors in the redshift esti-
mation of erroneously classified galaxies are larger than for the
successfully classified ones. Additionally, redshift is estimated
with higher precision for early type and spiral galaxies than for
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irregulars and QSFGs, according to the classification based on
the fitting with the synthetic spectra of our library.
SVMs were also used to predict the input and output param-
eters of the P ´EGASE models that were used for the construction
of this semi-empirical library. In most of the cases the results are
very poor, indicating that not many parameters will be estimated
with small errors in this way. The poor parametrization perfor-
mance might also be due to (i) the additional noise included in
the SDSS spectra, (ii) the dependence of many of the parameters
on the emission lines, which were masked during the fitting and
therefore their information were not taken into account for the
parameter assignment, (iii) the removal of a wide range of model
parameter values which were producing spectra with a poor fit
to the observations, which in turn produces a very sparse grid
that might have compromised the training of the SVM models.
For these reasons, and because in some cases these results dif-
fer from those obtained with the purely synthetic library, further
investigation of techniques that will improve the performance of
our system and help it to be more robust is needed.
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Fig. 14. The mean value of χ2 in the space of input P ´EGASE parameters for each galaxy type in the synthetic library, here for early
type SDSS galaxies. The colors corespond to different values of χ2, as indicated in the color bar. The black dot coresponds to the
minimum mean value of χ2.
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Fig. 15. Same as figure 14 but for late type SDSS galaxies.
